Abstract. Convergence in interspecific leaf trait relationships across diverse taxonomic groups and biomes would have important evolutionary and ecological implications. Such convergence has been hypothesized to result from trade-offs that limit the combination of plant traits for any species. Here we address this issue by testing for biome differences in the slope and intercept of interspecific relationships among leaf traits: longevity, net photosynthetic capacity (A max ), leaf diffusive conductance (G s ), specific leaf area (SLA), and nitrogen (N) status, for more than 100 species in six distinct biomes of the Americas. The six biomes were: alpine tundra-subalpine forest ecotone, cold temperate forest-prairie ecotone, montane cool temperate forest, desert shrubland, subtropical forest, and tropical rain forest. Despite large differences in climate and evolutionary history, in all biomes mass-based leaf N (Af mass ), SLA, G s , and A max were positively related to one another and decreased with increasing leaf life span. The relationships between pairs of leaf traits exhibited similar slopes among biomes, suggesting a predictable set of scaling relationships among key leaf morphological, chemical, and metabolic traits that are replicated globally among terrestrial ecosystems regardless of biome or vegetation type. However, the intercept (i.e., the overall elevation of regression lines) of relationships between pairs of leaf traits usually differed among biomes. With increasing aridity across sites, species had greater A max for a given level of G s and lower SLA for any given leaf life span. Using principal components analysis, most variation among species was explained by an axis related to mass-based leaf traits (A max , N, and SLA) while a second axis reflected climate, G^-and other area-based leaf traits.
INTRODUCTION
) and ductance (G s ), and photosynthetic rate are fundamental provide evidence for convergent evolution, plant traits that vary greatly among species, often by Studies from a variety of species and ecosystems, orders of magnitude (Field and Mooney 1986 , Reich et among plant groups taxonomically either broad (Field al. 1992 ). This variation may represent adaptation to and Mooney 1986 , Evans 1989 , Reich etal. 1991 , environmental heterogeneity that exists both locally and Reich 1993 , Abrams et al. 1994 , Mulkey et al. 1995 globally. It is well established that these leaf traits are or narrow (Chazdon and Field 1987, Williams et al. generally correlated, based on examination of variation 1989) have generally reported similar patterns of reamong and within species (e.g., Lugg and Sinclair 1981 , lationships among leaf traits. Mass-based photosynthetic capacity (A mass ) and leaf nitrogen (Af mass ) are usuManuscript received 26 January 1998; revised 28 August ally positively correlated, both are positively correlated 1998; accepted 7 August 1998.
with SLA, and all three traits decline with increasing Notes: Annual climate data (mean temperature, mean annual precipitation, and estimated potential evapotranspiration [PET] ) are shown for the meteorological station nearest to the main study area at each site. PET was calculated from open-pan evaporation or the equivalent. Four of the sites (Colorado, North Carolina, New Mexico, and South Carolina) were part of the National Science Foundation Long-Term Ecological Research Program. leaf life span. We have theorized that these relationships are universal at the broadest, continental to global scales , Reich 1993 because of the functional interdependency among traits, plus the constraints placed by biophysics and natural selection that lead to ecological trade-offs (Coley et al. 1985 , Coley 1988 , Field and Mooney 1986 , Mulkey et al. 1995 .
Thus, we hypothesize that interspecific proportional scaling relationships (e.g., log Y = a + b log X) among leaf traits will be quantitatively similar among diverse biomes, supporting the idea of convergent evolution. Alternatively, leaf trait correlations may occur but vary among vegetation types or along climatic or edaphic gradients. To address these issues we quantified leaf gas exchange rates, SLA, leaf N, and leaf life span, and their relationships for 10-43 species within each of six sites representing different biomes in the Americas. Our sites represent a range of biomes ( Table 1) that vary in growing season length, mean air temperature, elevation, water availability, and soil fertility. A brief summary paper (submitted after the original submission of this manuscript) based in part on these same data highlights the idea that the slopes of interspecific trait relationships were similar among biomes and among data sets (Reich et al. 1997) . In this paper we take the opportunity to (1) present the biome-specific data, (2) explicitly contrast slopes among sites, (3) compare the elevations of these scaling equations, (4) contrast relationships among functional groups, and (5) make multivariate analyses of species leaf traits; collectively these represent the main objectives of this paper and were beyond the scope of the previous summary publication.
METHODS
Sites were selected to provide a wide range of environmental conditions and terrestrial ecosystem types (Table 1) . Two sites (in Colorado and Wisconsin) were located at the ecotone between biomes and include species common to both biomes. At several sites, measurements were made in more than one ecosystem type or study area. The study site in Colorado was located at Niwot Ridge in the Front Range of the Rocky Mountains. Study plots were located in both wet and dry meadow tundra communities at 3510 m elevation, and in open subalpine forest-alpine meadow transition at 3200 m. The species studied include common conifers, hardwood shrubs, and herbs. Soils at the site were largely coarse-textured Inceptisols. The main study area in Wisconsin was the University of Wisconsin Arboretum, in Madison, Wisconsin (275-m elevation). Study plots were located in a mosaic of natural and restored ecosystems, including forest, hedgerow, savanna and tall grass prairie. Soils were largely mediumtextured silt loams (Alfisols). We also examined species in a cedar-tamarack swamp and adjacent bog at Cedarburg Bog, at the University of Wisconsin-Milwaukee Field Station in Saukville, Wisconsin, ~130 km northeast of Madison. The climate in southern Wisconsin is humid continental, with cold winters and warm summers. Species studied included a number of common prairie and forest understory forbs, deciduous hardwood and coniferous forest tree species and broadleafed evergreen bog shrubs.
A montane cool temperate forest was studied at the Coweeta Hydrological Laboratory, Otto, North Carolina. We studied naturally growing vegetation in sec-ondary forest communities located at 700-850 m elevation. Precipitation is abundant year-round, and the ratio of precipitation to potential evapotranspiration is high (Table 1) . Soils at this site were principally clay loam Ultisols. Species studied included a number of common forest understory forbs, broadleafed deciduous and evergreen hardwood and evergreen coniferous forest tree species.
The lower Carolina coastal plain contains upland pine-dominated forests as well as forested wetlands. We studied selected species from these communities on the Hobcaw Forest in Georgetown County, South Carolina. The climate of the area is maritime, warm temperate/humid subtropical. Annually, potential evapotranspiration exceeds precipitation (Table 1) . This difference is greatest during the growing season. Soils are sandy throughout the Hobcaw Forest.
Desert shrubland and pinyon-juniper woodland vegetation were studied (1400-1540 m elevation) in the Sevilleta National Wildlife Refuge, New Mexico. Soils are sandy and classified as Aridosols of HaplargidsTorripsamments construction. The climate is warm and arid. Annually, potential evapotranspiration far exceeds precipitation (Table 1) .
The tropical rain forest site was located near San Carlos del Rio Negro, Venezuela in the northern Amazon basin. Although much of the data for the Venezuela site have been published before (e.g., Reich et al. 1991) , given the design of this study their inclusion in this report is necessary. A total of 24 species were studied in mature stands of three adjacent primary rain forest communities (of Bana, tall Caatinga, and Tierra Firme forest) and in secondary successional stands growing on Tierra Firme sites (Reich et al. 1991 . The different primary forests occur on Spodosols, Ultisols and Oxisols . The San Carlos region is characterized year-round by abundant rainfall and warm temperatures.
Woody plants and perennial herbaceous species were selected at each site (Table 2) based on the following criteria: we selected species expected to provide a gradient of leaf traits (based on prior general knowledge) and that were relatively abundant at each site. Both broadleaf and needle-leaf species (deciduous or evergreen) were selected at each site when possible.
Since leaf traits vary with leaf age, contrasts of gas exchange rates, N concentrations and SLA among species were made using leaves of a similar "physiological" age (i.e., ontogenetic stage). We used fully expanded young to medium-aged leaves of all species, which corresponds to the period when many leaf traits are relatively stable (Reich et al. 1991 Ellsworth and Reich 1992) , the interspecific differences in leaf traits in this study were large enough (often 25-50 X differences) that smaller intraspecific differences due to variation in leaf microenvironment (usually by factors of less than two) would not have been significant. Measurements of photosynthetic CO 2 assimilation and leaf water vapor conductance were made under ambient conditions at all sites with a portable leaf chamber and infrared gas analyzer operated in the differential mode (ADC model LCA-2, Hoddesdon, England). Measurements were made at mid-to late morning (0800-1100 local time) when the following conditions were met: near full sunlight, relatively nonlimiting vapor pressure deficits or temperatures. Thus, sampling was designed so that measurements were taken to closely reflect leaf photosynthetic capacity in the field at ambient CO 2 concentration (Reich et al. 1991, Ellsworth and . We took at least 10 (but usually more) measurements per species from several individuals at each site, then averaged these for subsequent analyses.
After measuring gas exchange rates, foliage was harvested. The projected surface area of either the leaf tissue or its silhouette was assessed by a digital image analysis system (Decagon Instruments, Pullman, Washington). Total surface area was also calculated based on the shape of each leaf type. The results were similar if total rather than projected surface area was used, although the quantitative relations differ. Given that projected area was measured, while total surface area was estimated indirectly, data are expressed on a projected area basis. Since SLA is by definition related to leaf thickness and density (Abrams et al. 1994, Garnier and Laurent 1994) we will use the terms leaf thickness, density, and SLA to convey roughly the same information.
In order to determine leaf life spans of broad-leaved species, leaf birth and death were monitored (using tagging and/or drawings) for numerous leaves of at least several plants per species (see Reich et al. 1991) . In some instances, observations of leaf phenology were used instead of direct measurement. For coniferous species with long-lived foliage, the average needle longevity was calculated by counting the number of annual cohorts with at least 50% of their needles retained on the branch.
In statistical analyses, individual data points represent average values for a single species at a single site. A linear regression model was generally inappropriate to describe the relations between pairs of leaf traits, because the data were not normally distributed (Shapiro-Wilk W test, all leaf traits P < 0.0001), the relationships were often not linear, and there was patterned heteroscedasticity in the residuals with the ab- Notes: Data shown are specific leaf area (SLA), mass-based leaf nitrogen (leaf W mass ), mass-based net photosynthetic capacity (A mass ), area-based net photosynthetic capacity (A^J, and leaf diffusive conductance (G,) at photosynthetic capacity.
solute value of the residuals increasing as a function of the character value. Therefore, we used logarithmic (base-10) transformations of the data, which generally normalized the data distribution, linearized the regression functions, and stabilized the error term variances.
When any given leaf trait was used in regression as the independent variable, there was no random sampling variation associated with it because the species were selected based on a priori knowledge to provide a roughly continuous range of leaf traits. Based on these considerations, Type I (sometimes also called Model I) regression is appropriate (Steel and Torrie 1980, Sokal and Rohlf 1995) . Given that there is both biological and error variation associated with our measures of all traits used as independent variables, and that not all relations involve direct causality, we also analyzed these relationships using a Type II regression approach involving bivariate analyses (Steel and Torrie 1980, Notes: The interaction it was dropped from the of the line.
term serves as a test for slope differences among model, and in those cases the site term serves as a sites. If the interaction term was not significant test for differences among sites in the elevation Sokal and Rohlf 1995) . The significance levels and the fits of these Type II regression analyses were almost identical to those obtained using Type I regression. Moreover, the bivariate normal density ellipses (P = 0.95) were very similar to the 95% confidence intervals for individual observations (predictions of individuals). Thus, despite some uncertainty about whether the Type II or Type I model is more appropriate, the results are similar if analyzed either way. Data were further analyzed using ANCOVA, separate slopes analyses, multiple regression, and principal components analyses (PCA) (IMP Statistical Software, SAS Institute). Analyses were made (using linear contrasts of the transformed variables) to test whether the slopes of the lines varied among sites (i.e., the interaction between site and independent traits, Table 3 ). If they did not differ significantly, the interaction term was removed from the model and so-called "same slopes" analyses were used to test for intersite differences among regression lines (interpreted in this paper as a difference in the elevation of the total line). If the slopes did differ significantly ANCOVA was used to test for differences among sites in the dependent variable (Table 4) at the grand mean of the covariate (the independent variable). PCA was also conducted to simultaneously explore species variation in multiple leaf traits.
RESULTS

Leaf N masy SLA, and gas exchange vs. leaf life span
Leaf 7V mass , SLA, and life span varied nearly 10X, 40 X, and 90 X, respectively, among species (Fig. 1,   Table 2 ). At every site (Fig. 1) leaf Af mass declined significantly (for all results reported, P < 0.001 unless stated otherwise) in relation to increasing leaf life span (mean r 2 = 0.60) and this relationship was similar for all data pooled. Sites did not differ significantly in the slope or elevation of the N mass : leaf life span relationship (Table 3) . Leaf N^ increased significantly (P < 0.05) with increasing leaf life span at three of the six sites (Fig. 1) , and was very weakly related to leaf life span using all data pooled.
At every site SLA declined significantly with increasing leaf life span (Fig. 1) and the relationship varied among sites (Fig. 1, Table 3 ). At any given leaf life span, SLA was highest in humid temperate and tropical forests (North Carolina and Venezuela) and lowest in desert shrubland (New Mexico) (Fig. 1, Table  4) .
A mass varied 40-fold (from 12 to 468 nmol-g-'-s-') among all species (Fig. 1, Table 2 ). A mass decreased markedly with increasing leaf life span at each of the six sites (average r 2 = 0.88) and for all data pooled (r 2 = 0.78). The slopes of these relationships did not differ among sites, but the elevations of the lines did (Table  3) . Overall, species from humid temperate (North Carolina) and tropical forests (Venezuela) had higher A mass on average at any given leaf life span than those from subtropical (South Carolina), desert shrubland (New Mexico) or alpine/subalpine sites (Colorado) (Fig. 1 , Tables 3 and 4) . Area-based net photosynthetic rate (A arca ) varied 6-fold among species (from 3 to 19 There was a significant negative relationship between A^j, and leaf life span in five of six sites ( Fig. 1) and for all data pooled (r 2 = 0.36). The slopes did not differ significantly but the elevations of the lines did (Table  3) . At any given leaf life span species from desert shrubland (New Mexico) tended to have higher A ml . a than those from any other biome. Their lower SLA more than compensates for slightly lower A mass in terms of effects on A^, (given that A xm = A mass /SLA).
The relationship between leaf diffusive conductance (G s ) and leaf life span was not significant in humid temperate forest (North Carolina), but was significant at all other sites and for pooled data (Fig. 2) . Tropical rain forest species tended to have the highest G s for any given leaf life span (Fig. 2) . At all sites and for pooled data, A^., increased with G s (average r 2 = 0.75, Fig. 2 ). The slopes did not differ among sites, but the elevations of the lines did (Table 3) . At any given G s , A K^ tended to be highest in desert shrubland (the most arid study area) and lowest in tropical rain forest (a humid area).
Leaf N and gas exchange rates vs. SLA
Leaf Af mass was positively correlated to SLA at each of the six sites (mean r 2 = 0.66) and for all data pooled (r 2 = 0.50, Fig. 3 ). The slopes did not differ among sites, but the elevations of the lines did (Table 3) . For any given SLA, Af mass tended to be highest in the desert shrubland site. Leaf A mass increased with SLA for all data pooled (r 2 = 0.74) and at each site (r 2 ranged from 0.78 to 0.86) (Fig. 3) . The slopes were different among sites (P = 0.03), but this interaction explained a small fraction of the total variation in A mass , compared to SLA (Table 3) . At any given SLA, species in desert shrubland (New Mexico) had the highest A mass , with species from other sites having lower values (Fig. 3, Table 4 ).
Leaf A/ana decreased with increasing SLA in five of six sites and for all data pooled (r 2 = 0.45, Fig. 3 ). At any given SLA, species from the desert shrubland (New Mexico) site had higher N^ than other species (Table  3 , Fig. 3 ). Ajje., was not significantly correlated with SLA at 5 of 6 sites or for all data pooled (data not shown).
Leaf gas exchange rates and leaf N
At all sites and for pooled data, there were highly significant relationships between A mass and Af mass (Fig.  4 , r 2 ranged from 0.7 to 0.9). The A mass -Af mass slopes were not different among sites, but the elevations of the lines were significantly different. At any given leaf 7V mass , A mass tended to be higher in humid temperate and tropical rain forest and lower in desert shrub and alpine tundra/subalpine forest. The regression between A mâ nd Wajea (Fig. 4) was not significant in five sites, was weakly significant (r 2 = 0.26, P = 0.09) in North Carolina, and was significant (P < 0.01) but with a low r 2 (0.07) for all data pooled.
Leaf traits and climate
Multiple regression was used to evaluate whether leaf traits were significantly related to combinations of climate variables and other leaf traits. Although there were significant models that included either mean annual precipitation or mean annual temperature, the climate measure that was generally best related to leaf traits was an index of site moisture balance (precipitation minus potential evapotranspiration). SLA, A mass , and G s were all significantly related to the additive combination of site moisture balance index (positively) and leaf life span (negatively) ( Table 5 , Fig. 5 ). Thus, SLA, A mass , and G s tend to be greater in moister rather than drier environments once leaf life span was considered. In contrast, N^m was negatively related to site moisture balance and positively related to leaf life span (Table 5 ). Multiple regression against SLA and site moisture balance showed that A mass , Af mass , A^..,, and N^^ were all negatively related to site moisture balance (Table 5) . Thus, these measures all tend to be greater in arid than humid environments once variation in SLA is considered. Multiple regression of A^ vs. the combination of G s and site moisture balance showed that A XK tends to be higher in arid environments for a given G s , which can be interpreted as a strategy to enhance water conservation. 
Site differences in mean leaf traits
Site rankings do not differ in most cases between the average leaf trait data and data standardized by leaf life span. However, site means fail to consider any differences in mean leaf life span across sites (since species were not selected randomly). Mean leaf Af mass did not differ markedly between sites except for South Carolina, where leaf W mass was lower than other sites (Table 4 ). Substantial differences in mean SLA were apparent across sites: SLA in desert was far lower than in other sites and was highest in mesic sites. Given that high SLA and leaf Af mass both positively affect A mass in general (Field and Mooney 1986 , 1994 it is not surprising that N. Carolina (with high mean SLA and Af mass ) had higher mean A mass than other sites and that New Mexico, Colorado and South Carolina (low SLA and/or low JV mass ) had low A mass (Table  4) . As a consequence of having the "thickest" leaves (low SLA), Wan-a and A aK!L were also highest in New Mexico desert-shrubland.
Multivariate analyses
Simple PCA were performed on all species using five leaf traits (Fig. 6) . The first two axes included 90% of the variation. The positive direction of Axis 1 (the y axis) pointed towards species which, when defined in terms of the leading (and approximately equally important) vectors, were of high SLA, Af mass , A mass , and short leaf life span. Axis 2 (the x axis) contained only one important vector, G s . Coniferous species occupied only the "low SLA" end of Axis 1 and the "low G" end of Axis 2, with little overlap with woody pioneers, nonpioneer deciduous trees and shrubs, or herbaceous species. Evergreen broad-leaved species with low leaf turnover rates occupied positions at slightly higher levels on both axes. Although groups do occupy different positions, species within the major groupings were often located at distant positions from one another. Adding the site moisture balance index alone or with the other area-based measures (A m^, N^^) to the PCA changes the values but not the overall structure, and the climate variable and the area-based leaf traits load onto the second axis, along with G s . Hence, the first axis represents variation within and among sites, whereas the second axis largely represents variation among sites, reinforcing the message that climate alters the relationships among leaf traits, largely by altering SLA.
DISCUSSION
Generality and scaling issues
The field data from six sites generally support the hypothesis that the slopes of interspecific relationships among leaf traits will be similar among diverse biomes , Reich 1993 and suggest that the proportional scaling functions between leaf life span, -/V m SLA, A mass , (and to a lesser extent G s and across species are general. Thus, for any given proportional difference in one trait among species, the proportional difference among species in any other trait will be similar among all biomes. As an example, for a 10X decrease in leaf life span in any biome, A mass will increase by a factor of approximately five. In contrast to the relatively constant slopes, the elevations of the regression lines often differed by site, with climate-related variation among sites in SLA often driving these differences. Species in an arid desert ecosystem had the lowest SLA on average or at any given leaf N (Fig. 3) or leaf life span (Table 4, Fig. 1) , and the most humid sites had the highest average SLA. As a result, the SLA-leaf life span relationship shifts to a higher range of SLA across moist to arid gradients (compare desert with humid montane forest in Fig. 1) .
Taken together, the data and analyses from our six sites support the contentions that species, regardless of biome, tend to have a "syndrome" or set of linked leaf traits, with SLA, leaf life span, leaf N mass , and A mass of each species generally falling together somewhere along a multiple trait continuum (Reich et al. 1991 (Reich et al. , 1997 . There were no exceptions (outliers): for instance, no species have high A mass and high SLA, but a long leaf life span and low N mKS .
Functional group and phylogenetic considerations
At all five North American sites, species with high SLA and short leaf life span tended to be herbaceous, with broad-leaved deciduous tree species intermediate in leaf traits and species with low SLA and long leaf life span generally being needle-leaved evergreen conifers. Thus, one could ask whether the observed leaf trait relationships, albeit general across biomes, might be due to comparisons of different plant functional types or evolutionary groupings (in a phylogenetically broad sense). Several contrasts refute that idea and suggest that the trait relationships are general, both within and across broad plant types and taxonomic groups, although different plant groupings do differ in a rough sense (see Fig. 6 ). First, in the tropical rain forest site, all species were broad-leaved evergreens (i.e., woody Angiosperms), yet the leaf trait relationships in this biome were similar to all other biomes. Second, broadleaved evergreen species in tundra, bog, and forest habitats (e.g., Sarracenia, Kalmia, Lyonia, Quercus virginiana) in Colorado, Wisconsin, and the Carolinas had leaf traits similar to those of tropical rain forest broadleaved evergreen and coniferous needle-leaved species with comparable leaf life spans. Third, needle-leaved deciduous species (Taxodium and Larix) displayed the same collective syndrome of leaf traits as broad-leaved species with similar SLA or leaf life spans, and occupied similar positions along regression lines. These examples suggest that the observed relationships are generally common within or across communities or ecosystems dominated by species of various leaf type (needles, broad) or other functional groups (trees, shrubs, herbs), given the broad variation within each group and the overlap in trait combinations among such groups (Fig. 6 , also see Reich et al. 1997 ). The convergence of these relationships among taxa is also supported using phylogenetically independent contrasts (D. Ackerly and P. Reich, in press ).
Controls on photosynthesis Similarity in the A mass to Af mass relationship among species at six sites, as well as in other independent data sets Mooney 1986, Reich et al. 1992 ) supports its universal application among all species (but not within species [see ). In contrast, relationships between leaf life span, A.^, and N^a were more variable. The lack of correlation of leaf Af area and leaf life span is the result of offsetting influences on N aKa of SLA and N mass as they vary with leaf life span: parallel decreases in SLA and Af mass result in minimal or no net change in Af area on average across the leaf lifespan gradient (Fig. 1) .
Variation in A^ among species was significantly correlated with leaf N^^ in the Field and Mooney (1986) data survey, but was not related to N ml , a in any site in this study or in a prior literature survey ). This suggests that there is not a fundamental relationship of A area to N^ among all species (as discussed previously in Reich et al. 1992 . This may be partially ascribed to offsetting relationships: A mass is a positive function of N mass and although 7V mass decreases with decreasing SLA, decreasing SLA increases N^ for any given Af mass . This results in the potential for leaves to have similar JV area but different yV mass . At a given A^, leaves with higher N mass realize a higher A^ than leaves with lower N mass , due to the positive relationship between A mass and N mass , giving rise to considerable scatter among species in the relationship of A^ to Af area .
Why is the close association of multiple leaf traits general among species and biomes?
To build the physically sturdy foliage common in species with long leaf life span requires proportionally greater carbon than nutrient investment (cell walls, thick waxy cuticles, etc.) and a dense structure. A dense (high mass per volume) or a thick structure corresponds with higher mass per unit area (low SLA) (Abrams et al. 1994, Gamier and Laurent 1994) . High C/N ratios and physically tough foliage both likely contribute to the achievement of long leaf life spans (Reich et al. 1991) , since they confer some protection from herbivory (Coley 1988 ) and physical weathering. Lower 7V mass is related to lower A mass because of the central role of N in photosynthetic enzymes and pigments (Field and Mooney 1986) . Thus, lower SLA is associated with . Principal components analysis of species from six biomes, ordinated according to five leaf traits (mass-based leaf N, mass-based net photosynthetic capacity, leaf life span, specific leaf area, and leaf diffusive conductance, using all 96 species for which data exist for all five traits). The main contributors to high values of the first principal axis were increasing N, photosynthetic capacity, and specific leaf area, and decreasing leaf life span. The main contributor to high values of the second principal axis was leaf diffusive conductance. The encircled groups of points represent five recognizable plant groups. The pioneer, broadleaved deciduous (nonpioneer), and broadleaved evergreen (leaf life span > 1 yr) groups all include broadleaved woody species and are further separated based on successional habit and phenology-greater tissue density and greater allocation of biomass to structural rather than metabolic components, enhancing leaf strength and durability, but also resulting in greater internal shading and potential diffusional limitations (Lloyd et al. 1992 , Terashima and Hikosaka 1995 , Parkhurst 1994 ). Thus, low N mass and low SLA combine to promote low maximum rates of CO 2 exchange.
In species with the opposite leaf trait syndrome, the combination of a high N investment in photosynthetic enzymes and pigments and high SLA can provide high metabolism (gas exchange rates) and light harvesting per unit tissue mass Mooney 1986, Reich et al. 1992) . However, such tissues are also nutritionally desirable to herbivores (Coley et al. 1985) and less well defended physically against biotic (herbivory) and abiotic (physical weathering and stress) agents (Coley et al. 1985 , Coley 1988 , Reich et al. 1991 .
Given the different roles of C vs. N in leaves, and of C or N allocated to structural vs. metabolic functions, it may be physically impossible to construct a leaf with very high W mass and net CO 2 exchange characteristics that is also physically robust and durable. Such constraints likely place a limit on how far any species can occur (Fig. 7a) above the regression lines shown in Fig. 1-4 . In contrast, although biophysically feasible to build, no species has flimsy, unproductive leaves; there would be disadvantages to leaves that are neither persistent nor productive and such a leaf trait syndrome would likely be maladaptive. Thus, selection should place a limit on how far any species can be (Fig.  7a) below the regression lines shown in Fig. 1-4 . Given these constraints, the "solution" for every species is a position on the continuum of the leaf trait syndrome, ranging from species with leaves weighted toward productivity, others with leaves weighted toward persistence, and others at points in between.
Biogeographic differences
Do species in cold climates have high leaf JV mass ? Leaf Af mass did not differ among sites except that it was lower on infertile sandy soils in subtropical forest than all other sites. Thus the data presented offer no evidence of higher leaf Af mass in high elevation or cold-climate sites, superficially disagreeing with Korner (1989) . However, site differences in soils could mask any temperature trend for N mass , given large variation in soil fertility and a low sample size (n = 6 sites). Moreover, other evidence does suggest that within phylogenetically similar groups, plants adapted to colder environments may have higher N mass (Korner 1989 .
Our data provide mixed support for the idea that desert plants are rich in N. On average, we found no evidence of higher average N mlss in desert plants, disagreeing with long-mentioned hypotheses, but agreeing with the recent analysis by Killingbeck and Whitford (1996) . However, due to low SLA, N^ was higher in A shows typical variation within a site, B illustrates a hypothetical exception ("outlier") species, C illustrates leaf trait y in two different ecosystems at a common leaf trait x, D illustrates differences in the range of leaf trait x in two different ecosystems, and E illustrates two species in different ecosystems that occupy the same relative intra-ecosystem ranking.
desert-shrub vegetation than elsewhere, both on average and for any given leaf life span. At any given SLA, moreover, N^, N mass , and A mass were higher in desert shrub vegetation than in other biomes (Table 3) and higher as a function of increasing site moisture deficit (Table 5) . Thus, leaves of desert plants are N-rich compared to all others when comparing leaves of comparable structure. The high N of desert plants at any given SLA offsets the negative correlation between Af mass and SLA and the tendency for desert plants to have low SLA, resulting in desert plants having similar average N mass as in other biomes.
Variation in SLA was related to site microenvironment (see Fig. 5 ) and large differences in SLA occur across sites for any given leaf life span. These patterns are consistent with long-held common knowledge about variation in SLA, but to our knowledge, we are unaware of any published approach to quantifying these differences.
Implications
These comparisons of leaf trait relationships in widely disparate ecosystems and biomes have several im-plications. First, they provide a quantitative basis for evaluating intra-ecosystem species differences (A, Fig.  7b ) and for identifying exceptions that might occur due to unique plant adaptations (B, Fig. 7b ). Second, identification of general leaf scaling relationships enables contrasts among ecosystems and biomes, and serves as a means of quantifying differences among them. For example, if species in a given ecosystem have higher or lower leaf N at any given SLA or leaf life span than in another ecosystem (C, Fig. 7b) , or if the range of leaf N, leaf life span, or SLA is different in one ecosystem compared to another (D, Fig. 7b ), then this is likely due to key and quantifiable differences in these ecosystems (e.g., climate, soils, biology). Third, these scaling relationships allow quantitative comparisons of species in widely differing ecosystems. For example, do species (from different ecosystems) that share the same relative intra-ecosystem ranking in leaf traits share the same successional position (E, Fig. 7b )? Existing data suggest that such patterns often hold. For example, tree species of high SLA, high leaf N mms , and short leaf life span are more likely to be early successional, inhabit high light microsites and display a fast growth rate in both temperate and tropical ecosystems (Uhl 1987 , Reich et al. 1991 . Finally, the uncovering of the generality of leaf trait relationships should allow the selection of useful foliage attributes for modeling vegetation productivity, distribution, and dynamics at diverse levels of scale (Running and Hunt 1993 , Leuning et al. 1995 , Aber et al. 1996 .
